We describe Targeting-Induced Local Lesions IN Genomes (TILLING), a reverse-genetic strategy for the discovery and mapping of induced mutations. TILLING is suitable for essentially any organism that can be mutagenized. The TILLING procedure has also been adapted for the discovery and cataloguing of natural polymorphisms, a method called Ecotilling. To discover nucleotide changes within a particular gene, PCR is performed with gene-specific primers that are end-labeled with fluorescent molecules. After PCR, samples are denatured and annealed to form heteroduplexes between polymorphic DNA strands. Mismatched base pairs in these heteroduplexes are cleaved by digestion with a single-strand specific nuclease. The resulting products are size-fractionated using denaturing polyacrylamide gel electrophoresis and visualized by fluorescence detection. The migration of cleaved products indicates the approximate location of nucleotide polymorphisms. Throughput is increased and costs are reduced by sample pooling, multi-well liquid handling and automated gel band mapping. Once genomic DNA samples have been obtained, pooled and arrayed, thousands of samples can be screened daily.
INTRODUCTION
The acquisition of large-scale nucleotide sequence data has led to the introduction of methods that target the disruption of specific genes, also known as reverse genetics. Although potentially very powerful, reverse genetic approaches can be limited if the method used to induce the genetic change is not generally applicable to different organisms, as is often the case for transgenic strategies. However, chemicals and other agents have been used for several decades to induce mutations in a variety of organisms, making traditional mutagenesis an attractive strategy for reverse genetics. Chemical mutagenesis is especially valuable for agricultural applications because, unlike transgenic approaches, it is not hampered by restrictive regulatory and consumer issues. In addition, mutagenesis-based methods for reverse genetic applications can provide more than just gene knockouts; mutagens such as ethyl methanesulfonate primarily induce point mutations, providing allelic series that also include useful missense mutations 1 . Mutations can be induced by chemicals at a high density, allowing for the efficient recovery of multiple alleles in a small screening population. TIL-LING is a reverse genetic strategy that combines traditional mutagenesis with high-throughput discovery of single-nucleotide changes 2, 3 . The method is general and, following its original application to the model plant Arabidopsis thaliana, has been applied to a variety of plant and animal species including maize, lotus, barley, wheat, Drosophila and zebrafish [4] [5] [6] [7] [8] [9] .
Overview of TILLING
The TILLING procedure can be divided into a series of steps ( Fig. 1) . DNA is first extracted from test samples. DNA aliquots are pooled (typically eightfold) and arrayed into a multiwell microtiter plate containing 96 or 384 wells. Screening for mutations begins with PCR amplification of a target fragment of up to B1.5 kb using gene-specific infrared dye-labeled primers. The forward primer is 1 | The major steps for high-throughput polymorphism discovery by TILLING and Ecotilling. Reagents can be prepared in advance, thus streamlining the high-throughput procedure. The approximate time required to prepare each reagent, along with an estimation of the length of time a reagent can be prepared in advance of screening is provided. The procedure for polymorphism discovery consists of (i) PCR amplification using fluorescently labeled gene-specific primers followed by the creation of heteroduplexed molecules by denaturing and annealing polymorphic amplicons, (ii) enzymatic cleavage of mismatched regions in heteroduplexed fragments, (iii) sample purification and volume reduction, (iv) polyacrylamide denaturing gel electrophoresis and (v) data analysis to discover polymorphic samples. The procedure can be completed in 1 day. Discovered polymorphisms can be sequenced to determine the exact nucleotide change. Sequencing is aided by the knowledge of the approximate position of the polymorphism acquired during gel electrophoresis.
5¢-end labeled with a fluorescent dye that is detected at B700 nm (IRDye 700) and the reverse primer is labeled with the IRDye 800, which is detected at B800 nm. After PCR amplification, samples are denatured and annealed to form heteroduplexes between mutant and wild-type DNA strands. Samples are then incubated with a single-strand specific nuclease to digest mismatched base pairs (Fig. 2a) 10 . After the reaction is stopped, DNA is purified from buffer components and sample volumes are reduced. A portion of each sample is then loaded onto a denaturing polyacrylamide slab gel. We use the LI-COR DNA analyzer system to visualize fluorescently labeled DNA. Two electronic image files are produced per gel run; one containing data from the 700-nm channel and the other from the 800-nm channel (Fig. 2b) . Data analysis is aided by the use of GelBuddy, a freely available program for Macintosh and Windows PCs designed for the analysis of TILLING and Ecotilling gel data produced by the LI-COR analyzer 11 . The exact nucleotide change is then determined using standard DNA sequencing methods. With eightfold pooling, B1,600 samples can be screened per day for mutations in a single B1.5 kb gene target using a single LI-COR analyzer. Higher throughput and economy of scale can be achieved by using multiple thermal cyclers and analyzers.
Several alternative TILLING protocols are available. For example, TILLING organisms with large introns, such as zebrafish, requires short exon targets, leading to the development of alternative protocols for zebrafish TILLING 12, 13 . In addition, TILLING can be performed using alternative readout platforms including slab gel and capillary systems 7 (http://www.jicgenomelab.co.uk/services/ mutation-detection/development.html). Although many groups use an enzymatic mismatch cleavage approach similar to that described in this protocol, other mutation discovery methods can potentially be substituted including denaturing HPLC and resequencing (e.g., see refs. 2, 14, 15) . When choosing a singlenucleotide polymorphism (SNP) discovery platform, it is important to consider criteria such as equipment cost, reagent cost, maintenance cost, automation and assay sensitivity.
High-throughput large-scale applications of TILLING TILLING is a high-throughput, low-cost method that is suitable for a large-scale production operation. The first production-scale TILLING service to be offered was the Arabidopsis TILLING Project (ATP; http://tilling.fhcrc.org:9366/). Several computational tools were adapted to provide a completely web-based system for target selection, primer design and evaluation of sequence-verified mutations 16 . The service began in August 2001 and after 5 years of operation had delivered more than 6,700 mutations to the Arabidopsis community (http://tilling.fhcrc.org:9366/arab/status.html). Analysis of the first B2,000 mutations showed the expected 2:1 Mendelian ratio of heterozygous to homozygous mutations in samples pooled eightfold. Because heterozygous mutations will be present at half the concentration of homozygous mutations in an eightfold pool (1/16th vs 1/8th), it is clear that TILLING is sensitive and robust on a production scale 1 . Since October 2005, ATP has recovered its operating expenses, including materials, labor and overhead, from user fees, which provide a realistic cost estimate for production-scale TILLING. Currently, the ATP charges $1,500 to screen B3,000 lines, which includes DNA sequencing validation of mutations and a free replacement order should the initial screen fail. Approximately 90% of orders supplied by users are successful, with occasional failures usually attributable to primer design. ATP was used as a model to create maize (http://genome.purdue.edu/ maizetilling/) 4 and Drosophila (Fly-TILL, http://tilling.fhcrc. org:9366/fly) TILLING services. There are also several independent TILLING services, including a service for lotus (http:// www.lotusjaponicus.org/tillingpages/homepage.htm) and barley (http://www.scri.sari.ac.uk/programme1/BarleyTILLING.htm), which further illustrates the value of the method for production-scale reverse genetics.
Ecotilling
The TILLING protocol that we developed for reverse genetics has been adapted to survey natural variation within populations. Our first Ecotilling project was accidental: we noticed bands in common for some individuals, which we realized were contaminants from a different Arabidopsis accession (''ecotype'') from that used in the mutagenesis. A systematic survey of B200 ecotypes indicated that the method is accurate and robust 17 satellite repeat number could be discovered within a single target region. Detection of dozens of polymorphisms in a single fragment is possible because only a small fraction of heteroduplexes are cleaved at any single position by the CEL I nuclease used for TILLING 10, 17 . Ecotilling can be used to discover and catalog common polymorphisms without sample pooling, as was done for Arabidopsis and the black cottonwood (Populus trichocarpa) 18 . To detect homozygous polymorphisms, an equal amount of DNA from a reference sample is added to each assay well. However, when rare nucleotide polymorphisms are sought, samples can be pooled, as we have recently illustrated in using Ecotilling to discover rare SNPs in the human genome 19 .
Other potential applications The protocol described here allows for the low-cost discovery of induced mutations and natural nucleotide polymorphisms on a production scale. The use of standard bench techniques and equipment makes TILLING and Ecotilling additionally attractive for smaller scale projects. We can also foresee the extension of this protocol to other applications, where the rapid and low-cost discovery of SNPs, indels and other small nucleotide polymorphisms is desired, such as the identification of polymorphisms associated with quantitative traits and the screening for rare mutations in cancer.
Limitations of TILLING
A successful TILLING project depends on the development of a densely mutagenized population and the preparation of DNA of suitable quality for PCR. Because protocols for chemical mutagenesis in different plant and animal species can vary dramatically, no single protocol can be considered general, and so we do not provide one here. Although many species have been successfully mutagenized, others have been less tractable for reasons that are not clear. In cases where mutagenesis is unfeasible, natural nucleotide diversity can nevertheless be discovered by Ecotilling. In theory, mutation discovery may be limited in highly heterozygous species where the large number of bands from natural polymorphisms could potentially inhibit the detection of rare induced mutations. When encountering problems obtaining consistent PCR amplification, alternative extraction methods or additives to the PCR mixture, or both, may be needed to ensure robust PCR 20 .
MATERIALS

REAGENTS
. FastPrep . Unlabeled forward and reverse gene-specific primers (see REAGENT SETUP) . IRDye 700 (forward) and IRDye 800 (reverse) labeled primers of the same sequence as the unlabeled primers (MWG Biotech) m CRITICAL Limit exposure of IRDye-labeled primers to fluorescent light. Repeated freeze-thaw cycles can reduce fluorescent signal. Make multiple aliquots and store at À80 1C. Working stocks can be kept at À20 1C for months as long as thawing is limited . Celery juice extract (prepared as described in Box 2) . 10Â digestion buffer: 37.5 ml water, 5 ml 20 mg ml À1 BSA, 100 ml 10% Triton X-100 (vol/vol), 2.5 ml 2 M KCl, 5 ml 1 M HEPES pH 7.5 and 5 ml 1 M MgSO 4 . Prepare in advance and store aliquots at À20 1C
. Sephadex REAGENT SETUP Primer design Primers should be designed to amplify a single target region. We have found that increasing the melting temperature of primers reduces low molecular weight background noise in TILLING assays, presumably arising from nonspecific primer hybridization. We use the web-based tool CODDLe (http://proweb.org/coddle) to select gene regions that have the highest density of potentially deleterious mutations caused by treatment with chemical mutagens 16, 21 . Primers are designed by CODDLe using the Primer 3 program 22 with melting temperatures from 67 to 73 1C and of a length in the range of 20-30 nucleotides. A 100 mM solution of each primer is prepared in TE buffer and aliquots are stored at À80 1C to avoid repeated freeze-thaw cycles that could reduce fluorescent activity. Optimizing the amount of genomic DNA for PCR TIMING B10 h After DNA extraction and concentration normalization (Box 1), the optimal amount of genomic DNA to use for PCR should be determined empirically, by following the standard TILLING protocol with varying amounts of genomic DNA. For most organisms, we have determined the optimal amount of genomic DNA by using a molar ratio between primer and genomic DNA similar to that originally determined to be optimal for Arabidopsis. For example, 0.375 ng of Drosophila genomic DNA is used per PCR reaction. For maize, with a genome size approximately 14 times that of Drosophila, 4.5 ng of genomic DNA is used per amplification reaction. A concentration is chosen that provides the best signal-to-noise ratio when using a fixed amount of enzyme for heteroduplex digestion (Fig. 3) . A higher concentration may be required when using lower quality genomic DNA samples (Fig. 4) . Optimizing the amount of single-strand-specific nuclease TIMING B10 h The optimal amount of single-strand-specific nuclease for heteroduplex digestion should be determined empirically. We have found that the activity in celery juice extract remains stable for more than 1 year at À80 1C, and therefore use the same amount of enzyme for all TILLING and Ecotilling reactions performed in our laboratory. A celery juice extraction protocol is provided in Box 2. To determine the optimal amount of enzyme, perform TILLING reactions with varying amounts of enzyme and choose the amount that provides the best signal-to-noise ratio. We have measured similar activities from many independent celery juice extractions, and so the amount used in this protocol can serve as a guide. Using too little enzyme results in a very dark image where true bands are difficult to discover above the background of PCR failure products. Adding too much enzyme results in a blank image, presumably because the enzyme cleaves off the IRDye label from the 5¢ DNA ends when the duplex ''breathes'' (Fig. 5) .
Determining the number of samples to pool TIMING B10 h The number of samples to pool together before a screen can be determined empirically by testing multiple mutations or polymorphisms at different levels of sample pooling. For TILLING, only a small percentage of individuals will harbor a mutation in the PCR amplicon, so that doubling the number of individuals in a pool will provide nearly a twofold increase in the throughput of mutation discovery. For Ecotilling, the expected frequency of nucleotide polymorphism will influence the level of desired pooling. When cataloging common nucleotide changes, pooling is not appropriate because of the additional work needed to determine which individuals in a pool harbor the polymorphism 17, 18 . However, for rare polymorphisms, pooling reduces effort but will obscure the identification of very common polymorphisms. For example, we discovered rare human SNPs much more efficiently in eightfold pools than in unpooled samples, but common SNPs were in many pools, making the task of identifying the individuals harboring very common SNPs more time consuming than if screening were performed on unpooled samples 19 When using low concentrations of genomic DNA, these induced errors represent a sufficient proportion of the total number of amplified molecules, such that they are visible as cleaved products on the LI-COR gel image. Errors of this type are not seen when using higher concentrations of genomic DNA because they are present on only one of thousands of PCR products produced during early rounds of amplification, and are thus beyond the limits of detection. Genomic DNA concentrations of 0.1 or 0.2 ng produce the best signal-to-noise ratio in this gel image. After testing more than five different gene targets, we determined that the target shown here produced a greater-than-average yield of PCR product, and B0.4 ng of genomic template was chosen as the standard amount of DNA to use in all Arabidopsis PCR reactions. Single target optimization is impractical for high-throughput production.
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Figure 4 | Examples of genomic DNA quality. High-quality (a), medium-quality (b) and low-quality (c) genomic DNA as assayed by agarose gel electrophoresis and ethidium bromide staining. With adequate quantification, medium-quality genomic DNA can be used to produce high-quality TILLING and Ecotilling gel data. The use of low-quality genomic DNA can result in low-quality TILLING and Ecotilling data, likely owing to the inhibitory effect of fragmented DNA on PCR amplification. Fragmented DNA can also lead to inaccurate quantification, which might lead to false-negative errors in pooled samples. discovered only if reference DNA is added to each sample. See Box 3 and Figure 6 for recommended pooling strategies.
Preparation of ladders and lane markers TIMING 3 h 30 min IRDye ladders are commercially available; however, assay cost can be reduced by preparing custom ladders and lane markers. Design primers to produce PCR products of desired length. Follow the PCR amplification protocol (Steps 1-6) using genomic DNA of the corresponding species. After PCR amplification, purify the product through a Sephadex G50 spin plate, without the addition of formamide load dye or lane marker to the catch plate, and omitting the sample volume reduction step described in rinse the plate thoroughly with water and allow it to completely dry before reuse (1-3 days depending on room temperature and humidity). Plates can be reused at least six times.
Preparation of acrylamide gels TIMING 2 h Clean glass plates and assemble spacers and rails following the protocol provided with the LI-COR DNA analyzer. Combine 20 ml of 6.5% acrylamide gel matrix, 15 ml TEMED and 150 ml 10% APS. Use a plastic syringe to deposit the acrylamide solution between glass plates. When done, insert the casting comb and apply the pressure plate. Pour excess acrylamide solution onto comb. Let it stand for 90 min before use. To store gels, apply a damp paper towel to each end of the gel and cover in plastic wrap. Gels can be stored for up to 1 week at 4 1C. Before use, thoroughly wash both the front and back plate, remove the casting comb and remove all acrylamide from the well. Before placing the plates in the LI-COR DNA analyzer, clean them with isopropanol, making sure that the laser detection region is clean. After the run is complete, the samples will have passed through the gel and new samples can be applied and the gel run again. Only two runs are suggested because the sample image becomes diffuse and hard to interpret during the third run. ! CAUTION Acrylamide, TEMED and APS are hazardous. Avoid contact with skin and inhalation; wear protective clothing, gloves and goggles.
Reusing membrane combs TIMING B40 min A membrane comb can be reused many times until its teeth become bent and the comb is no longer easy to insert into the gel well. Clean a comb by soaking in a tub of deionized water for at least 30 min. If many combs are washed at once, care should be taken to avoid comb damage, and water should be exchanged several times to ensure the combs are thoroughly cleaned. Air-dry combs for several days before reusing. 6. Centrifuge at 9,000-10,000g for 3 min at room temperature. Discard the supernatant. 7. Add 500 ml wash buffer and vortex thoroughly to suspend pellet. 8. Centrifuge at room temperature at 9,000-10,000g for 3 min. Discard the supernatant. 9. Air dry pellets for approximately 20 min. 10. Add 200 ml ultra-pure water and vortex thoroughly to suspend pellet. Incubate for 5 min at room temperature with gentle agitation. 11. Centrifuge at room temperature at 14,000g for 5 min. Transfer the supernatant to a new microfuge tube. We use a tube with a rubber o-ring to reduce sample evaporation. 12. Add 20 ml of 10Â TE buffer containing 3.2 mg ml À1 RNase A. ' PAUSE POINT Store DNA at 4 1C. In our experience, Arabidopsis DNA produced by this method has remained stable for over 4 years when stored in TE buffer at 4 1C. 13. Normalize all samples to ensure that each individual will be equally represented in the pool. This can be done by performing agarose gel electrophoresis on aliquots and comparing ethidium bromide-stained fluorescence of the slow-migrating band to standards of known concentrations. The amount to load on a gel should be determined empirically. By using a 1.5% agarose gel, any degradation of the DNA can be detected, which should run as a single band of limiting mobility (Fig. 4) . We use software provided with a digital gel documentation (GelDoc) system to determine the DNA concentration of each sample, which we adjust to the desired concentration by adding TE buffer.
PROCEDURE PCR amplification of target regions and heteroduplex
formation TIMING B3 h 30 min 1| Prepare genomic DNA as outlined in Box 1 or by any other appropriate method. Pool samples and prepare assay plates containing 5 ml of genomic DNA per well, as detailed in Box 3. These can be prepared fresh, or prepared in advance and frozen until required.
2| Make a fresh mixture of unlabeled and labeled primers. Mix 100 mM stock primers at a ratio of 3:2:4:1 (IRDye 700 primer:unlabeled forward primer:IRDye 800 primer:unlabeled reverse primer). We do not store primers in mixed form, and therefore only make enough primer mixture for the number of reactions we are performing. To minimize pipetting errors, the minimal volume of primer mixture we prepare is 10 ml (enough for two 96-well reaction plates). m CRITICAL STEP Limit exposure of IRDye-labeled primers to fluorescent light.
3|
Prepare the 96-well PCR master mix as outlined below (extra volume is made to avoid pipetting errors), adding Taq enzyme last. Vortex thoroughly.
m CRITICAL STEP IRDye-labeled primers are sensitive to fluorescent light. When possible, lighting should be dimmed and samples shielded from direct light. Keep Taq polymerase on ice. The master mix components can be prepared at room temperature when using a hot-start Taq.
4| Add 5 ml of PCR master mix to each well of the assay plate and seal the plate with adhesive tape.
5| Spin the plate for 2 min at 1,300g at room temperature (approximately 19-25 1C).
6| Place the plate in the thermal cycler and run the following amplification program:
' PAUSE POINT When cycling is complete, the plate can be stored at À20 1C for weeks. Note that fluorescent signal can decay over time and it is best to process the assay plate as soon as possible. m CRITICAL STEP Alternatives: When screening a small number of samples, the cost of end-labeled IRDye primers can become prohibitive. Several universal primer labeling strategies have been described that can reduce primer cost 5 Heteroduplex digestion TIMING B40 min 7| Prepare the celery juice extract reaction mix, as outlined below, and store on ice. The volumes indicated are sufficient for two 96-well plates. Details of how to prepare celery juice extract are provided in Box 2. m CRITICAL STEP We have tested a variety of enzymes and enzyme preparations for TILLING and Ecotilling in addition to celery juice extract. These include commercially available Surveyor nuclease, mung bean nuclease and S1 nuclease 10 . When using commercial sources of S1 or mung bean nucleases, do not use the accompanying buffers because these are optimized for different applications. m CRITICAL STEP The nuclease concentration in each batch of celery juice extract must be determined empirically (see REAGENT SETUP). The amount listed here is for illustration purposes only.
8| Spin the assay plate for 2 min at 1,300g at room temperature.
9| Add 20 ml of celery juice extract reaction mix to each well of the plate. Mixing is optional, but is recommended when practical (e.g., using a multitip pipetting device).
10| Spin the assay plate for 2 min at 1,300g at room temperature.
11| Incubate the plate for 15 min at 45 1C.
12| Spin the assay plate for 2 min at 1,300g at room temperature. ' PAUSE POINT The pellet from Step 5 can be stored at À80 1C for at least 2 weeks. 6. Suspend the pellets in B 1/10 the starting volume (e.g., 40 ml) with Tris/KCl/PMSF buffer, ensuring the pellet is completely dissolved. 7. Dialyze thoroughly against Tris/KCl/PMSF buffer at 4 1C for 1 h. Use dialysis membrane with a 10,000 kDa cutoff size. Use at least 4 liter of buffer per 20 ml of enzyme suspension. It may be easiest to split the suspension into several dialysis tubes. After 1 h, replace buffer with fresh Tris/KCl/PMSF buffer. Repeat two more times for a total of four buffer changes. ' PAUSE POINT After two buffer changes, dialysis can be left overnight. Dialysis can proceed as long as 1 week without any apparent loss in enzyme activity. Four hours of dialysis can be taken to be the minimal amount of dialysis required. 8. If desired, clear the dialyzed solution by spinning at 10,000g for 30 min. Greater than 90% of the enzyme activity should be retained in the soluble fraction. ' PAUSE POINT Aliquot into small volumes (B1 ml) and store at À80 1C. This protein mixture does not require storage in glycerol and remains stable through multiple freeze-thaw cycles. When activity is determined, working stock volumes can be aliquoted (e.g., enough for 1 week) and stored at À20 1C. One pound of celery should produce enough enzyme for approximately 500,000 reactions.
Component Amount Water 4.8 ml 10Â digestion buffer 840 ml Celery juice extract B7 ml Total B5647 ml m CRITICAL STEP Alternatives: In theory, any method that provides both salt and buffer removal in addition to volume reduction can be used in place of the Sephadex G50 column. A less expensive alternative would be alcohol precipitation 12 . When testing options, consider the time required, the percent of sample recovery and the material cost of the assay.
15| Assemble a Sephadex G50 plate, an alignment frame and an empty 96-well waste plate to catch water. Centrifuge the assembly for 2 min at 440g at room temperature.
16| Remove the waste plate and attach a sample catch plate containing formamide load dye and lane markers.
17| Apply the full sample volume from the assay plate onto the 96-well Sephadex plate. If using a 384-well assay plate, each quadrant of the plate is applied to a separate Sephadex plate. This is necessary because a maximum of 100 sample lanes can be loaded on an LI-COR gel. m CRITICAL STEP Apply the samples directly over the centers of the packed Sephadex columns and do not touch the columns with pipette tips. Make sure that the sample catch plate is properly labeled and that the samples maintain the same orientation between plates (position A1 of assay plate equals A1, and not H12, of sample catch plate).
18| Spin the Sephadex plate/catch plate assembly for 2 min at 440g at room temperature.
19| Remove the catch plate containing the DNA solutions. Reduce sample volumes by incubating the plate for 45 min at 85 1C, or until only 1.5 ml remains in each well. ' PAUSE POINT After volume reduction, the plate can be stored at 4 1C for several weeks. Note that fluorescent signal can decay over time and it is best to process the assay plate as soon as possible.
Loading samples onto 100-tooth membrane combs TIMING 10-40 min 20| Heat the sample catch plate for 5 min at 90 1C. 
BOX 3 | SAMPLE ARRAYING AND POOLING TIMING 6 HRS PER 768 SAMPLES
Arraying individual samples into a multiwell plate prior to pooling can reduce pipetting errors and the time required to construct a plate of pooled samples. We use standard 96-well microtiter plates for arraying because the spacing of the wells is compatible with multichannel pipettors and larger format pipetting devices.
One-dimensional pooling strategy 1. Array sixty-four samples into an 8x8 grid on a 96-well plate (leaving the last four columns empty).
2. Pool the samples using an eight channel pipettor; combine samples from each of the eight rows on the plate into a single column of the pooled plate, so that position A1 of the pool plate contains samples A1-8 of individual plate 1.
Using a one-dimensional pooling strategy, 12 pooled columns are produced from 12 plates of 64 individuals (Fig. 6a) . This arraying protocol allows the screening of 768 different individuals in a single assay. Tracking a putative mutation from a pool to an individual sample is straightforward. For instance, if a mutation is found in position B2 of the 96-well pool plate, the eight samples that contributed to this pool are found in row B of the second ''individuals'' plate of 64 samples used to create the pools.
Two-dimensional pooling strategy 1. Fill column one of the pooled plate as described above.
2. Combine all eight samples in a single column of the same individuals plate and deposit those samples into the adjacent column of the 96 well plate of pooled samples. Each individual is then represented in two unique pools.
Two-dimensional eight-fold pooling allows 384 unique samples to be screened per 96-well plate assay (Fig. 6b) . When a mutation is discovered, it will appear in two separate gel lanes, the coordinates of which will identify the unique individual harboring the mutation. Additionally, the strategy should reduce false positive errors, as true signals must replicate in the appropriate lanes. For projects where samples are not pooled, it may be useful to replicate samples within the assay to more easily define false negative and false positive signals. Once error rates are clearly defined, sample redundancy can be eliminated and screening throughput increased.
It is advantageous to prepare screening stock plates in a 96-well format. For 384 liquid handling, four 96-well stock plates are combined to create a 384 well assay plate. During Sephadex purification, the 384-well plate array is converted back into four 96-well plate arrays, which facilitates loading the 100 lanes of a LI-COR gel.
Prepare a master stock plate by arraying samples, diluted to the appropriate concentration (see REAGENT SETUP), into 96-or 384-well microtiter plates and pool as desired. Prior to PCR, transfer 5 ml from this plate to the assay plate. Assay plates can be prepared in advance and stored at À201C for up to one week in a sealed container to limit evaporation. The master stock plate can be stored at 41C for years. To limit evaporation, the plate is first sealed with adhesive sealing tape, and then vacuum sealed.
21| Store the sample on ice for at least 3 min before loading.
22| Apply B0.5 ml of sample per membrane comb tooth starting with tooth number 4 and ending with tooth number 99. The bottom 1/3 of the tooth should be stained blue after loading.
23| Apply B0.25 ml of molecular weight ladder to teeth 1, 3 and 100. This asymmetry ensures that sample 1 is never confused with sample 96 in the event that the comb is inverted before application to the gel. There are several options for loading samples onto membrane combs. The sample can be applied directly using a single-channel pipettor, can be preloaded into a comb-loading tray or the sample can be loaded directly using a comb-loading robot. Although the comb-loading robot is advantageous in that human error is reduced and loading is automated, using a comb-loading tray and a multichannel pipettor provides an inexpensive alternative. ' PAUSE POINT The loaded membrane comb can be stored for an extended period of time before loading (at least 24 h). As the fluorescent signal can decay over time, it is advised to apply the comb to the gel within 2 h of loading. m CRITICAL STEP Alternatives: Samples can be loaded directly onto the gel using a sharks tooth or a square tooth comb. Although 96-tooth sharks tooth combs are available, loading can be tricky. Loading fewer than 96 samples on a single LI-COR gel reduces throughput without providing any clear benefit for data analysis. 2A  2B  2C  2D  2E  2F  2G   2H   1A  1B  1C  1D  1E  1F  1G  1H   12A  12B  12C   12D  12E   12F   12G   12H   1 
Plates 3 -11
Plates 2 -5 Loading and running gels TIMING B20 min for pre-run and comb application, 4h 15 min for gel running 24| Remove a pre-poured gel from 4 1C storage.
25| Clean the gel well and glass and insert the plate assembly into LI-COR DNA analyzer. Fill the upper and lower buffer tanks with 0.8Â TBE buffer.
26| Pre-run the gel for 20 min, ensuring that the lasers focus properly (40 mA, 40 W, 1,500 V, 50 1C, image width 1,028 and scan speed 2).
27| Rinse the gel well thoroughly using a plastic 10-ml syringe with no needle attached.
28|
Remove buffer from the upper tank. Remove excess liquid from the gel well by inserting filter paper into the gel well.
29| Remove the filter paper and add 1ml Ficoll solution to the gel well. A small bead should form at the edge of the front glass plate.
30| Insert the loaded membrane comb into the gel well at a 451 angle. Once the teeth touch the Ficoll solution, the comb should slide smoothly into the well. The comb should be gently inserted into the well and the teeth should not be forced into the acrylamide. 34| Download IRDye 700 and IRDye 800 TIFF images from the LI-COR to your desktop.
35|
Open GelBuddy. Import images by using the ''File/Open 700 and 800 Channel Images'' menu command.
36|
Adjust the 700-channel image so that background bands become visible, using the slider bars at the top of the GelBuddy window.
37| Click the ''Select Channel'' toolbar button at the top of the window to view the 800-channel image. (Each button may be identified by the text that appears when the mouse cursor is placed over the button.) Adjust the 800-channel image as in Step 36.
38| Call lanes. Click the ''Find Lanes'' button. Set the number of sample lanes in the ''Find Lanes'' pop-up window (96 for a standard TILLING/Ecotilling run). Unless one of the channels is very weak, use both channels for detecting lanes. After clicking the ''OK'' button, automatically generated lane tracks will be superimposed on the displayed gel image. 43| For two-dimensional (2D) pooling applications, the ''Options/Show Pool Boundaries'' menu command may be used to display lines delineating sets of row and column pools (vertical lines in Fig. 3 ).
44| View report. A text report containing a list of paired 700-and 800-channel bands, lists of comigrating bands and other information may be viewed by selecting the ''Report/View Concise Report'' menu command. Use the ''Report/Save Concise Report'' command to save this report for future reference.
45| Save the gel markup file using the ''File/Save Gel Markup'' menu command. The ''File/Open Gel Markup'' command may be used during subsequent GelBuddy sessions to load the markup file for review or revision. ? TROUBLESHOOTING
TIMING
Approximate times for the major reagent preparation steps and the high-throughput screening procedure are listed in Figure 1 .
? TROUBLESHOOTING Troubleshooting advice can be found in If adequate PCR product is observed by agarose gel electrophoretic analysis, load an aliquot of undigested PCR product on an LI-COR gel (B0.5 ml of unpurified product from the 10 ml PCR reaction is usually sufficient). If you can detect no signal, the fluorescent primers may have lost activity. If the ladders and lane markers appear, you can rule out an LI-COR gel analyzer failure LI-COR analyzer failure (Step 32) DNA over-digestion If adequate signal of undigested PCR product is observed on the LI-COR gel image, try varying the amount of single-strand-specific nuclease (
Step 7) to determine if over-digestion is the problem
ANTICIPATED RESULTS
True polymorphisms will produce two cleaved fragments, one in the IRDye 700-channel image and another in the IRDye 800-channel image whose molecular weights add up to the molecular weight of the full-length PCR product. The full-length PCR product should produce a sharp and intense band toward the top of the gel image. Background bands arising from incomplete PCR should be of lower intensity (Fig. 2) . Assays can be optimized to increase the signal-to-noise ratio by altering the amount of genomic DNA used in PCR and the amount of enzyme used for mismatch cleavage (Figs. 3 and 5 Skip heteroduplex digestion with a subset of samples. Run these samples on the same gel as digested products. This tests for degradation during heteroduplex digestion. A likely cause of sample degradation is the formamide load buffer a All symptoms are observed during gel analysis. 
